Enteric bacteria execute, via lipopolysaccharide (LPS), a pathogenic role in intestinal inflammation. The effects of LPS on survival and neurotransmitter expression in cultured porcine myenteric neurons were investigated. Myenteric neurons were isolated and cultured for 6 days in medium, in LPS (100 ng/ml) with or without α-ketoglutarate or the nitric oxide synthase (NOS) inhibitor L-NAME, in α-ketoglutarate or in the NO donor SNAP. Neuronal survival and expression of vasoactive intestinal peptide (VIP) and NOS were evaluated by immunocytochemistry. Addition of LPS significantly decreased neuronal survival; only 40% survived, compared to controls run in parallel. The LPSinduced neurotoxic effect was not counteracted by the simultaneous presence of α-ketoglutarate or L-NAME. Either SNAP or α-ketoglutarate influenced neuronal survival. Culturing, particularly in the presence of LPS, markedly increased the proportion of VIP-immunoreactive neurons; NOSimmunoreactive neurons were unchanged. The reported LPS-induced neurotoxicity indicates loss of enteric neurons as a consequence of intestinal inflammation.
Enteric nerves are greatly involved in intestinal inflammation (1) . Abdominal pain, nausea, vomiting, and diarrhea can be experienced by patients with acute gastroenteritis. Remission reverses the symptoms but infective gastroenteritis may lead to postinfective irritable bowel syndrome (IBS) (2) . Also, in inflammatory bowel disease (IBD) the enteric flora is considered an important etiological factor (3) .
Bacterial lipopolysaccharide (LPS) is found in plasma of IBD patients (4) and acts, via toll-like receptor 4 activation, as an important trigger of myeloid cells that drive the Th1-type intestinal inflammatory process (5) . Experimental studies have shown that LPS causes delayed gastric emptying (6, 7) , intestinal dysmotility (7, 8) , and sphincteric dysfunction (9) , thus unraveling its interaction with enteric nerves. The precise mechanisms behind these acute LPS-induced motor effects are, however, as yet largely unknown-as are the long-term consequences of LPS exposure to the enteric nerves.
Exposure of LPS to neurons in the central nervous system induces neurodegeneration in vivo as well as in vitro. LPS exerts strong neurodegeneration in substantia nigra and midbrain dopaminergic neurons (10-12) as well as in hippocampal (13) and cortical neurons (14) . The possibility that LPS may cause neuronal cell death also in the enteric nervous system (ENS) has not been explored. If so, it may, at least partly, explain the motor disturbances seen in patients suffering from IBD and IBS.
The LPS-induced cell loss in central neurons has been suggested by some authors to be mediated via nitric oxide (13, 15) , while others claim that it is NOindependent (16) . Neuroprotection by α-ketoglutarate in kainic acid-induced brain damage has been demonstrated (17) . Whether α-ketoglutarate has a neuroprotective effect on LPS-induced neuronal cell death has not been tested.
The aim of the present study was to evaluate the effects of LPS alone and in combination with α-ketoglutarate or the NOS-inhibitor NG-nitro-L-arginine methylester (L-NAME) on survival of cultured porcine myenteric neurons. The effects of α-ketoglutarate and the NO donor sodium-nitroso-N-acetyl-DL-penicillamine (SNAP) on neuronal survival were also tested. The in vitro system used is devoid of immune cells and was chosen in order to exclude the interference of immune cell-mediated intestinal inflammatory effects caused by the endotoxin LPS. The influence of LPS on the expression of VIP and NOS in myenteric neurons was also studied, since it is well known that enteric neurons are able to adapt to injury or unfavorable conditions by changing their chemical coding (18) .
MATERIALS AND METHODS
Animals. Eleven piglets of both sexes, 3-6 weeks old (10-15 kg in body weight), were used. Animal care was in agreement with the National Institute of Healths Guide for the Care and Use of Laboratory Animals (NIH publication No. 86-23; revised 1996). The Animal Ethics Committee, Lund and Malmö, Sweden, approved the procedures. Animals were sedated with metomidatum hydrochloridum (Hypnodil; Janssen Pharmaceutica, Belgium; 15 mg/kg body weight [b.w.]) and killed with an overdose of pentobarbital (Pentobarbitalnatrium; Apoteket, Sweden; 30 mg/kg b.w.). Via a midline incision of the abdomen a 15-cm-long segment of midjejunum was removed and transferred into cold 0.9 % sodium chloride.
Culture of Myenteric Neurons. Using a dissecting microscope, strips of longitudinal muscles with adherent myenteric ganglia were dissected out, washed (2 × 10 min) with Ca 2+ -and Mg 2+ -free Hanks balanced salt solution (HBSS; Gibco BRL, Life Technologies AB, Sweden), and cut with a pair of fine scissors into smaller pieces. The tissue was incubated (2 hr, 37
• C) in HBSS with the addition of 1.3 mg/ml trypsin, 1.5 mg/ml collagenase type II, and 1.5 mg/ml protease (Sigma-Aldrich, Sweden). After enzymatic digestion the tissue was mechanically dissociated by trituration using a Pasteur pipette and then centrifuged three times at 1000 rpm in 18
• C. After final centrifugation the pellet was suspended with 5 ml medium containing Neurobasal A (Gibco BRL, Life Technologies AB), with the addition of 10% fetal calf serum, 0.5 nM L-glutamine, 100 µl/ml streptomycin sulfate, and 100 U/ml penicillin G sodium (Gibco BRL, Life Technologies AB). Equal volumes (100 µl) of the cell suspension containing myenteric neurons were seeded with 900 µl medium on laminin-coated cover glass slides placed in fourwell multidishes (Nunclon Surface; Nunc, Denmark). One well contained medium only and served as a parallel control, one contained medium with the addition of 10 −3 M α-ketoglutarate (α-KG; Sigma-Aldrich) or the NOS inhibitor L-NAME (10 −4 M; Sigma-Aldrich), one contained medium with the addition of 100 ng/ml lipopolysaccharide (LPS; E. coli serotype 026:B6, Sigma-Aldrich), and one contained medium with the addition of both LPS (100 ng/ml) and α-ketoglutarate (10 −3 M) or L-NAME (10 −4 M). Eight to 10 multidishes were seeded from each pig. The cultures were placed in an incubator (5% CO 2 atmosphere; 37
• C) and kept for 6 days. Medium was changed on the third day of incubation. All procedures were done aseptically. After 6 days of incubation the cultures of myenteric neurons were fixed (30 min) with Stefanini solution containing 2% formaldehyde and 0.2% picric acid followed by rinsing (three times, 15 min each) with Tyrode solution containing 10% sucrose. The cultures were then frozen until being processed for immunocytochemistry. In a separate set of experiments the effect of the NO donor SNAP (10 −4 M; Sigma-Aldrich) on neuronal survival was tested. In order to establish the numbers of neurons seeded, 100 µl of the cell suspension was placed onto glass slides. At least two such slides were performed from each piglet and denoted 0 days in vitro. The slides were dried (30 min in 37
• C), followed by fixation and rinsing as described above, and processed for immunocytochemistry.
Cryostat Sections. Specimens of the midjejunum, 1-2 cm long, were dissected out, opened longitudinally, pinned onto a piece of balsa wood with the serosal surface up, and placed in Stefanini solution for overnight fixation. Next, the tissue samples were thoroughly rinsed in Tyrode solution containing 10% sucrose. The specimens were embedded in OCT. compound and frozen on dry ice. Longitudinal and transverse cryostat sections of 12-µm thickness were cut. Every fifth section was placed on glass slides (SuperFrost Plus; Menzel GmbH & CoKG, Germany) and processed for immunocytochemistry in order to study the in vivo conditions.
Immunocytochemistry. The cryostat sections and the cover glass slides with cultured myenteric neurons were rinsed with 0.1 M phosphate-buffered saline (PBS; pH 7.4) containing 0.25% Triton X-100 (Sigma-Aldrich). Primary mouse monoclonal antibodies against HuC/D proteins (code no. A-21271; dilution, 1:400; Molecular Probes, USA) were used as a general marker for neuronal cell bodies (19) . In order to establish the percentages of VIP-and NOS-immunoreactive neurons in cryostat sections and neuronal cultures, double labeling studies using monoclonal Hu antibodies in combination with previously characterized antibodies raised in rabbit against VIP (code no. 7852; 1:1260; EuroDiagnostica AB, Malmö, Sweden) (20) or NOS (code no. 9223; 1:2560; Euro-Diagnostica) (20) were performed. The slides were incubated overnight (4
• C) in a mixture of primary antisera raised in different species, followed by rinsing in PBS. For visualization of the primary antibody-antigen complexes the slides were incubated for 1 hr at room temperature with a mixture of fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (1:100; Jackson Immunoresearch, USA) and Texas Red (TR)-conjugated donkey anti-rabbit IgG (1:400; Jackson Immunoresearch). The slides were mounted with phosphate-buffered glycerol (pH 7.4) and viewed with an epifluorescent microscope equipped with filters appropriate for FITC (494 nm) and TR (595 nm).
In addition, the presence in the cultures of glia and smooth muscle cells was studied using mouse monoclonal antibodies against smooth muscle α-actin (code A-25472; 1:800; Sigma, St Louis, MO, USA; 19) and rabbit antibodies against glial fibrillary acidic protein (GFAP; code PGF; 1:1280; Euro-Diagnostica AB) (19) .
For controls, antisera (with the exceptions of the HuC/D and the smooth muscle actin antibodies) that had been inactivated by the addition of an excess amount of antigen (10-100 µg of synthetic substances per ml diluted antiserum) were used. The HuC/D antibodies recognize the neuronal proteins HuC, HuD, and Hel-N1, all Elav family members, and the smooth muscle actin antibodies recognize the α-smooth muscle isoform of actin (42 kD) (19) . Antigens for performing absorption controls are not available for the latter antisera. Omission of the primary antibodies abolished immunostaining.
LPS INDUCES DEATH OF MYENTERIC NEURONS
Cell Counting and Statistical Analysis. Immunocytochemically labeled neuronal cells were counted and their numbers are expressed as mean percentages ± SD. The numbers of surviving neurons after the various treatments were calculated and expressed as a percentage of the control run in parallel. The mean of three slides from each animal (n = 3-5 in each group) was determined.
The proportions of neurons labeled for VIP or NOS were estimated by cell counting on preparations (cryostat sections and cultured neurons) double immunostained with anti-Hu. The following protocol was used for the coverslips with cultured neurons: starting from one defined point of the preparation and moving across the slide in a systematic way, at least 100 Huimmunoreactive nerve cell bodies were examined. In cryostat sections the myenteric ganglia were identified and at least 100 neurons examined. The proportions of Hu-immunoreactive neurons also containing VIP or NOS were determined and are expressed as a percentage of the Hu-immunoreactive cells. The mean of three slides from each animal (n = 5 in each group) was determined.
Statistical differences were determined using one-way analysis of variance test (ANOVA) followed by Bonferroni's post hoc test and P < 0.05 was considered statistically significant.
RESULTS

Cultured Myenteric Neurons. Of the originally seeded myenteric neurons (0 days in vitro)
, approximately half (53.7 ± 2.7%) were present after 6 days in culture in medium (Neurobasal A, supplemented as described above, but without any pharmacological test substances). The morphological appearance of the neuronal cell bodies after 6 days in culture differed from that of the 0-day in vitro control. At 0 days in culture the myenteric neurons were round to oval, without visible processes. After 6 days in culture the neurons were larger, with an irregular shape. The cultured neurons were frequently found to possess VIP-as well as NOS-immunoreactive terminals contacting other neurons, thus creating dense nerve fiber networks in the culture dishes (Figure 1 ). Within the cultures a thin, almost-confluent layer of smooth muscle cells was found. Glia were found to make up an extensive and dense network surrounding groups of myenteric neurons, thus creating ganglionic-like formations.
Influence of LPS, NO, and α-Ketoglutarate on Survival of Cultured Myenteric Neurons. Myenteric neurons cultured in the presence of LPS (100 ng/ml) displayed a low survival-only 38.6 ± 9.0% (n = 8) survived-compared to neurons cultured in medium only (n = 8; Figure 2 ). Simultaneous addition of LPS (100 ng/ml) and α-ketoglutarate (10 −3 M) or L-NAME (10 −4 M) also resulted in a low (39.8 ± 9.2 [n = 5] and 31.6 ± 8.3% [n = 3], respectively) neuronal survival. Neurons cultured in the presence of α-ketoglutarate (10 −3 M), L-NAME (10 −4 M), or SNAP (10 −4 M) only, displayed no increase or decrease in neuronal survival (n = 3-5) compared to controls run in parallel. The results are summarized in Figure 3 .
VIP and NOS Expression in Cultured Myenteric
Neurons. Double staining of cryostat sections from porcine small intestine (n = 5) revealed that 19.6 ± 1.1% of all Hu-immunoreactive myenteric neurons also displayed immunoreactivity to NOS ( Figures 1A and  B) , whereas only a few (less then 1% ) of the Huimmunoreactive neurons also contained VIP (Figures 1C  and D) . After 6 days in culture a dramatic increase in the number of VIP-immunoreactive neurons was observed ( Figures 1G and H) . Of the neurons cultured in medium only, 10.0 ± 2.0% were VIP-immunoreactive (n = 5). Notable was that of the neurons cultured in the presence of LPS, 19.5 ± 1.3% were VIP-immunoreactive (n = 5). NOS immunoreactivity was observed in approximately 20% of all cultured myenteric neurons ( Figures 1E and  F) , irrespective of whether the neurons were cultured with or without LPS (n = 5 in each group). The results are summarized in Figure 4 .
DISCUSSION
The present in vitro study on porcine myenteric neurons demonstrates, for the first time, a neurotoxic effect of the bacterial endotoxin LPS on myenteric neurons. A significant reduction in neuronal survival, compared to controls run in parallel, was noted in neuronal cultures grown in the presence of LPS. This is in accordance with previous reports on central dopaminergic neurons in which an increased neuronal cell death was observed after exposure to LPS (10, 12). The LPS-induced neurodegeneration of dopaminergic neurons was attenuated by the addition of NOS inhibitors, thus suggesting that NO and/or its metabolites play a critical role (12, 15) . On the other hand, in dopaminergic neuron cultures NO was found not to mediate the cytotoxic action of LPS; this effect was exerted by the release of inflammatory cytokines such as tumor necrosis factor-α (TNFα) and interleukin-1β (IL-1β) (16, 21) . Increased concentrations of inflammatory cytokines, eventually causing selective white matter injury, have also been described after intracerebral injection of LPS (22, 23) . In the present study on myenteric neurons, equally low neuronal survival rates were found after exposure to LPS alone and when culturing was in LPS supplemented with the NOS-inhibitor L-NAME. This strongly indicates that LPS-induced enteric neurodegeneration is NO-independent. This suggestion is further supported by the finding that culturing porcine myenteric neurons in the presence of the NO donor SNAP had no effect on neuronal survival. The mechanisms by which LPS induces neuronal cell death in the myenteric neurons can, at present, only be speculated on. Activation of microglia and their release of proinflammatory factors are considered crucial events in inflammation-induced neu- Survival of porcine myenteric neurons after exposure to LPS, LPS and α-ketoglutarate, LPS and the NOS inhibitor L-NAME, α-ketoglutarate, the NOS inhibitor L-NAME, or the NO donor SNAP throughout the 6-day culture period. Data are presented as a percentage of the controls run in parallel; mean ± SD. Exposure to LPS, with or without the addition of α-ketoglutarate or L-NAME, caused a significant decrease in neuronal survival vs. parallel controls (cultured in medium only). *P < 0.05. rodegeneration in the brain (15, (24) (25) (26) . Due to the expression of GFAP, vimentin, and S-100, enteric glia are considered to be akin to astrocytes (for a recent review see Ref. 27 ), but a small population resembling microglia Percentage of Hu-immunoreactive myenteric neurons also immunoreactive to VIP or NOS in cryostat sections (in vivo) and in neurons cultured for 6 days in medium only or in medium with the addition of LPS. The proportion of neurons expressing VIP increased markedly during culturing. This was particularly evident in the neuronal cultures exposed to LPS. Means ± SD. *P < 0.05 compared to in vivo; # P < 0.05 compared to neurons cultured in medium only.
of the CNS has been identified by electron microscopy (28) . Recent evidence implies that enteric glia play important roles in gut homeostasis, particularly in inflammation (27) . This can be illustrated by the fulminate hemorrhagic jejunoileitis that follows ablation of GFAP-positive enteric glia, as shown in a transgenic mouse model (29) . Exposing cultured enteric glia to LPS or proinflammatory cytokines causes an upregulation of GFAP in glial cells (30) , further indicating their responsiveness in inflammation. Thus, the question whether the LPS-induced neuronal cell death presented here is mediated via a direct effect on the myenteric neurons or via activation of enteric glia needs further investigation.
Immunocytochemistry revealed that the culturing of porcine myenteric neurons resulted in an increased number of neurons expressing VIP, while the proportion of NOS-immunoreactive ones was unchanged. It has previously been reported that a dramatic increase in the number of VIP-, but not of NOS-, expressing rat myenteric neurons occurs in response to culture (19) , axotomy, or colchicine treatment (31) . This is suggested to be part of a plastic response to neuronal injury, e.g., axonal damage and isolation of the neurons (19, 31) . Notable, in the present study, was that porcine myenteric neurons exposed to LPS displayed a nearly twofold higher number of VIPexpressing neurons than neurons cultured in medium only. This may reflect that the more severe the injury (presence of LPS within the cultures is more detrimental than culture only), the higher the VIP up-regulation, suggesting that VIP plays a role in neuroprotection against LPS-induced neuronal cell death. Alternatively, it may be due to a selective cell death caused by LPS, sparing the VIP-expressing neurons. The latter suggestion is, however, contradicted by the finding of an unchanged proportion of NOS-expressing neurons in the cultures. The idea that VIP plays an active role in neuronal protection is supported by the recent findings that VIP promotes survival of both porcine (32) and rat (33, 34) myenteric neurons in culture. In addition, VIP has been reported to promote survival also of cultured sympathetic (35) , cerebral cortical (36) , and spinal cord (37) neurons.
The glutamate precursor α-ketoglutarate exerts neuroprotection against cyanide (38)-and sodium nitroprusside (39)-induced toxicity. Kainic acid-induced damage of brain mitochondrial DNA is completely abolished by cotreatment with α-ketoglutarate (17) . In addition, cultured astrocytes, but not neurons, release α-ketoglutarate, suggested to play a role in neuronal homeostasis of glutamate and GABA (40) . On the basis of these results we tested the possible neuroprotective effect of α-ketoglutarate on LPS-treated cultures of myenteric neurons. The presence of α-ketoglutarate (10 −3 M) was, however, not found to counteract the LPS-evoked myenteric neuronal cell death. Further, α-ketoglutarate per se did not influence the survival of cultured neurons, compared to controls run in parallel. Therefore we conclude that, in the ENS, α-ketoglutarate does not promote neuronal survival and does not possess any protective effect on LPS-induced cell death.
In conclusion, the bacteriotoxin LPS significantly reduces the number of cultured porcine myenteric neurons. The LPS toxicity is not counteracted by the presence of α-ketoglutarate or NOS inhibition. Culturing causes per se an increased expression of VIP; this is further increased by the presence of LPS. The present findings suggest that LPS-induced loss of enteric neurons contributes to the development of intestinal dysfunction in IBD and postinfective IBS.
